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摘要 
TiB2和 TiC陶瓷因具有高强度、高熔点、高导电率和低密度等优异的性能而
成为能在高温、反应气氛、机械热载荷和磨损等组成的极端环境中使用的理想材
料。在飞机推进系统、航天器热防护和高温高性能发动机领域有这巨大的吸引力。
然而 TiB2和 TiC 单一材料和其他陶瓷一样具有较低的韧性和可烧结性，且在有
氧环境中稳定性差。添加 SiC制备超高温复相陶瓷如：MB2/SiC和MC/SiC(M=Ti，
Zr，Hf)等会获得更好的综合性能，如较高的强度和优异的抗氧化性。而对复相
陶瓷微结构和高温性能方面的研究，仍需进一步的探索。 
本文基于单源先驱体转化法，以含烯丙基的超支化聚碳硅烷（AHPCS）为
原料，通过掺杂含异质元素（钛、硼）的化合物，并对其进行交联和高温热解得
到含钛的 SiC复相陶瓷。结合一系列表征方法对其进行了合成机理和高温性能的
研究，深入探究了交联条件、掺杂、热解条件和退火温度等工艺对 SiC复相陶瓷
的高温性能和微结构演变的影响。研究结果为单源先驱体法制备 MB2/SiC 和
MC/SiC(M=Ti，Zr，Hf)纳米复相陶瓷提供了依据。主要的研究内容及结果如下： 
1、在 AHPCS中引入 2种不同交联剂（四氯化钛、钛酸丁酯），对比研究两
种交联剂对先驱体交联反应和陶瓷微结构的影响。结果表明：TiCl4和 Ti(OBu)4
的引入促进了交联反应，提高了先驱体的交联度。陶瓷的结晶行为方面：TiCl4
的引入促进了陶瓷产物中 β-SiC的结晶，而 Ti(OBu)4的引入却抑制了陶瓷产物中
β-SiC的结晶。最终陶瓷的化学组成可以通过改变四氯化钛和钛酸丁酯的投料比
进行调控。 
2、在 AHPCS 中引入钛酸丁酯的基础上，通过添加不同的硼烷络合物制备
得到含硼、钛的超支化聚碳硅烷。研究表明：硼烷的引入有利于提高最终的陶瓷
产率。在 1400℃热解的陶瓷存在 β-SiC、TiB2、TiC的结晶。异质元素（钛、硼）
的引入抑制了 SiC 的结晶。以吡啶硼烷为硼源，最终的陶瓷产物中的 TiB2含量
相对较高。以三乙胺硼烷为硼源，最终陶瓷产物在 1500℃以上的高温稳定性较
好。 
3、以二氯二茂钛（Cp2TiCl2）为钛源，三乙胺硼烷（TEAB）为硼源，与
AHPCS 的活性基团（Si-H、C=C）反应，并经交联、热解在 1400℃下成功制备
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出了 TiC-TiB2-SiC纳米复相陶瓷。制备的单源聚合物先驱体 FT-IR表征表明：硼
和钛元素通过硼氢化反应（C=C/B-H）和脱 HCl反应（Si-H/Cp2TiCl2）成功引入
到 AHPCS的主链上。其次通过 FT-IR、XRD和元素分析等研究了单源聚合物的
结构演变，陶瓷的相组成和化学成分。在 1600℃和和 1800℃的高温下，
TiC-TiB2-SiC 纳米复相陶瓷表现出较好的高温稳定性。在高倍 TEM 图中再次证
实陶瓷是由纳米尺度的 β-SiC, TiC 和 TiB2组成。同时本文打开了一条单源聚合
物先驱体法制备 SiC-MC-MB2(M=Ti，Zr，Hf)纳米复相陶瓷合成路线。 
 
关键词：超高温陶瓷，单源聚合物先驱体，纳米复相陶瓷，微结构，高温性
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Abstract 
Titanium boride (TiB2) and Titanium carbide (TiC) ceramics are members of a 
family of ideal materials for use in extreme environments such as high temperature, 
reaction atmosphere, mechanical thermal load and wear due to excellent properties 
such as high strength, high melting point, high conductivity and low density. These 
properties and their light weight make them attractive for the field of aircraft 
propulsion systems, spacecraft thermal protection and high temperature high 
performance engines. However, TiB2 and TiC single material have the same toughness 
and sinterability as other ceramics, and are poorly stable in aerobic environments. 
Therefore, ultra-high temperature composite ceramics such as MB2/SiC and MC/SiC 
(M = Ti, Zr, Hf) are often prepared by adding SiC, which can achieve better overall 
properties such as higher strength and excellent oxidation resistance. For ceramic 
microstructure and high temperature performance research, still need further 
exploration. 
An allyl-containing hyperbranched polycarbosilane (AHPCS) was used as the 
raw material, and the compounds containing heterogeneous elements (titanium and 
boron) were introduced to AHPCS to obtain single-source-precursors （SSPs）. After 
crosslinking and high temperature annealing of the resultant SSPs, 
titanium-containing SiC composites were successfully synthesized. The effects of 
crosslinking, introduction of metals, annealing temperatures on the high temperature 
performance and microstructure evolution of SiC composite ceramics were 
investigated in this thesis. The results provide a basis for the preparation of MB2/SiC 
and MC/SiC (M = Ti, Zr, Hf) nanocomposites by single-source-precursor method. 
The main research contents and results are as follows: 
Firstly, two kinds of crosslinking agents (titanium tetrachloride and butyl titanate) 
were introduced into AHPCS. The effects of crosslinking agents on crosslinking 
reaction and ceramic microstructure were studied. The results show that the 
introduction of TiCl4 or Ti(OBu)4 promotes the hydrosilylation, dehydrogenation and 
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dehydrochlorination of AHPCS, which improves the yield of ceramics. From the 
crystallization behavior of ceramics, the introduction of TiCl4 promoted the 
crystallization of β-SiC in the ceramic product, while the introduction of Ti(OBu)4 
inhibited the crystallization of β-SiC in the ceramic product. And the content of Ti in 
the ceramic can be controlled by the introduction amount of titanium tetrachloride or 
butyl titanate in the precursor. 
Secondly, based on the introduction of butyl titanate into AHPCS, the SSPs were 
prepared by adding different borane complexes. The results show that the boron 
hydride reaction of B-H in borane and C=C in AHPCS improves the crosslinking 
degree of the precursor. Crystallization of β-SiC, TiB2, TiC in the ceramic pyrolyzed 
at 1400 °C. The introduction of heterogeneous elements (titanium, boron) inhibits the 
crystallization of SiC. Pyridine borane further fixes the butyl titanate in the precursor, 
which increases the TiB2 content in the ceramics. Compared with the massl loss of 
ceramics under high temperature annealing, it is found that the ceramic products with 
triethylamine borane as boron source show better stability at temperatures above 
1500 ℃. 
Finally, TiC-TiB2-SiC ceramic nanocomposite were successfully synthesized by 
a novel single-source-precursors approach with AHPCS, bis(cyclopentadienyl) 
titanium dichloride (Cp2TiCl2) and triethylamine borane (TEAB) as starting materials. 
The obtained single-source-precursor was characterized by Fourier transform infrared 
spectra (FT-IR), which confirms that hydroboration (C=C/B-H) and 
dehydrochlorication (Si-H/Cp2TiCl2) reactions were involved to introduce B and Ti 
elements into the AHPCS chains. The structural evolution of single-source-precursors, 
phase composition and chemical composition of the obtained ceramics were 
investigated by FT-IR, X-ray diffraction (XRD) and elemental analysis. High 
temperature behavior of the resultant TiC-TiB2-SiC ceramic nanocomposites with 
respect to decomposition as well as crystallization was carefully checked by XRD and 
mass loss after annealing at high temperatures of 1600 and 1800 °C. Transmission 
electron microscopy (TEM) was used to further observe the microstructure of 
TiC-TiB2-SiC nanocomposites, which again confirms the crystalline phases consist of 
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nanoscaled β-SiC, TiC and TiB2. A single-source-precursor method was developed to 
synthesize SiC-MC-MB2 (M = Ti, Zr, Hf) nanocomposite ceramics.  
 
Keywords: Ultra-high temperature ceramics, Single-source-precursor, Ceramic 
nanocomposite, Microstructure, High-temperature behavior 
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